1. Introduction {#sec1}
===============

Oncogenes and tumor suppressors play critical roles in the tumorigenesis \[[@B1]\]. Among them, signal transducer and activator of transcription 3 (Stat3) is a transcription factor that can promote tumor progression, and it is usually activated in several types of human cancer cells \[[@B2]\]. In normal physiology, Stat3 signaling induced by its ligands such as interleukin-6, growth factors, is tightly regulated, owing to the existence of negative feedback mechanisms including induction of suppressor of cytokine signaling (SOCS) proteins \[[@B3]\]. However, in cancer cells, aberrant IL-6/Stat3 signaling has been implied as a critical mechanism for tumor initiation, proliferation, and metastasis \[[@B4], [@B5]\]. Besides, recent studies demonstrate that Stat3 is essential for maintaining a procarcinogenic inflammatory microenvironment, due to interconnecting with NF-*κ*B signaling \[[@B6], [@B7]\].

In osteosarcoma, Stat3 is also activated and its activation could be blocked by an IL-6-neutralizing antibody \[[@B8]\]. Consistently, Stat3 inhibition by its antagonist or small interfering RNA (siRNA) reduced cell proliferation, migration, and invasion, through downregulation of Cyclin D, Survivin, and Bcl-xL and upregulation of proapoptotic genes \[[@B8]\]. Therefore, to better understand the roles of Stat3 it will be helpful to seek new therapeutics for human cancers including osteosarcoma.

In the present study, PCR-based microarrays using cDNA prepared from IL-6 treated MG63 cells were performed. Based on this, leucine-rich repeat-containing G protein-coupled receptor 4 (LGR4) was identified as a novel molecular target of Stat3 in osteosarcoma.

2. Material and Methods {#sec2}
=======================

2.1. Tissue Samples {#sec2.1}
-------------------

15 pairs of human osteosarcoma tissues, adjacent noncancerous normal tissues were collected from routine therapeutic surgery at our department. All samples were obtained with informed consent and approved by our hospital review board.

2.2. Cell Culture {#sec2.2}
-----------------

Two osteosarcoma cell lines (MG63 and U2OS) were purchased from Cell Bank of Type Culture Collection of Chinese Academy of Sciences (CAS, Shanghai, China) and cultured in Dulbecco modified Eagle\'s medium supplemented with 10% fetal calf serum, 100 IU/mL penicillin, and 100 mg/mL streptomycin. TNF-*α*, IL-1-*α*, and IL-6 were purchased from Merck, China.

2.3. Small Interfering RNA {#sec2.3}
--------------------------

Cells were plated on to six-well plates grown to 60\~80% confluence and then transfected with 50 nM siGENOME nontargeting siRNA, human Stat3, or LGR4 siGENOME SMART pool (Thermo Fisher Scientific) using DharmaFECT1 transfection reagent according to the manufacturer\'s protocols.

2.4. RNA Extraction, Microarrays, and Real-Time Analysis {#sec2.4}
--------------------------------------------------------

Total RNAs were isolated from tissues or cells by TRIzol reagent, and reverse transcriptions were performed by Takara RNA PCR kit (Takara, China) following the manufacturer\'s instructions. Affymetrix array hybridization and scanning were performed using Human Genome U133A 2.0 chips by Gene Tech Company Limited (Shanghai, China). In order to quantify the transcripts of the interest genes, real-time PCR was performed using a SYBR Green Premix Ex Taq (Takara, Japan) on Light Cycler 480 (Roche, Switzerland).

2.5. Transient Transfections and Luciferase Assays {#sec2.5}
--------------------------------------------------

Human LGR4 promoter was cloned into PGL3 plasmid (Promega). All the transient transfections were performed by Lipofectamine 2000 (Invitrogen), according to the manufacturer\'s instructions. For luciferase reporter assay, MG63 cells were seeded in 24-well plates and transfected with the indicated plasmids. Luciferase activity was measured using the Dual Luciferase Reporter Assay System (Promega, USA).

2.6. Western Blot {#sec2.6}
-----------------

Cells or tissues were harvested and lysed with ice-cold lysis buffer (50 mM Tris-HCl, pH 6.8, 100 mM 2-ME, 2% w/v SDS, 10% glycerol). Proteins were separated by 10% SDS PAGE and transferred to NC membrane (Amersham Bioscience, Buckinghamshire, UK). After blocking with 5% nonfat milk, membranes were immunoblotted with antibodies as indicated, followed by HRP-linked secondary antibodies (Cell Signaling, USA). The signals were detected by SuperSignal West Pico Chemiluminescent Substrate kit (Pierce, Rockford, IL) according to manufacturer\'s instructions. Anti-Stat3, LGR4, and *β*-Catenin antibodies were purchased from Cell signaling Company. Protein levels were normalized to GAPDH or Lamin B (Santa Cruz, USA).

2.7. Chromatin Immunoprecipitation Assays {#sec2.7}
-----------------------------------------

A chromatin immunoprecipitation (ChIP) assay kit was used (Upstate, USA). In short, MG63 cells were fixed with formaldehyde for 15 min. DNA was sheared to fragments at 200--1000 bp by several sonications. The chromatin was incubated and precipitated with antibodies against Stat3 antibody or IgG (Santa Cruz, USA).

2.8. Statistical Analysis {#sec2.8}
-------------------------

Values were shown as mean ± SEM. Two-tailed Student\'s *t*-tests were used for two-group comparisons. A two-way analysis of variance (ANOVA) with Bonferroni-adjusted posttests was used for comparisons of more than two groups. Software needed for performing statistics included Excel, GraphPad Prism. Statistical significance is displayed as \*(*P* \< 0.05), \*\*(*P* \< 0.01), or \*\*\*(*P* \< 0.001).

3. Results {#sec3}
==========

3.1. Identification of LGR4 as a Novel IL-6 Responsive Gene {#sec3.1}
-----------------------------------------------------------

The clustering analysis of Affymetrix arrays revealed that 276 genes were significantly upregulated in MG63 cells treated with IL-6 for 12 hr, compared with vehicle controls (Data not shown). Interestingly, we found that S1PR1 gene was elevated, which is consistent with previous reports \[[@B9], [@B10]\] ([Figure 1(a)](#fig1){ref-type="fig"}). Besides, the LGR4 gene that encodes one of the G protein-coupled receptors for R-spondins \[[@B11]\] was also upregulated ([Figure 1(a)](#fig1){ref-type="fig"}). We further confirmed that LGR4 mRNA and protein levels were increased by real-time PCR and Western blot (Figures [1(b)](#fig1){ref-type="fig"} and [1(c)](#fig1){ref-type="fig"}). Similar results were also obtained from U2OS cells (Figures [1(d)](#fig1){ref-type="fig"} and [1(e)](#fig1){ref-type="fig"}). Intriguingly, LGR4 expression was not changed by TNF*α* or IL-1*α* treatment (see Supplementary Material Figures  1(a)--1(d) available online at <http://dx.doi.org/10.1155/2013/310691>), suggesting the specific roles of IL-6 in the induction of LGR4.

3.2. Stat3 Regulates LGR4 Expression {#sec3.2}
------------------------------------

To further confirm the regulation of LGR4 by Stat3, MG63, and U2OS, cells were transfected with a constitutively activated Stat3 (CA-Stat3) \[[@B7]\]. In agreement with previous reports \[[@B6], [@B7]\], transfection of CA-Stat3 promoted cell proliferation in these cells (Supplementary Figures  2(a)-2(b)). As a result, introducing the CA-Stat3 also increased LGR4 expression (Figures [2(a)](#fig2){ref-type="fig"}--[2(d)](#fig2){ref-type="fig"}). Moreover, both cells were treated with small interfering RNA (siRNA) oligos to knockdown endogenous Stat3 contents. In agreement, Stat3 deficiency resulted in a dramatic reduction of LGR4 mRNA and protein levels (Figures [3(a)](#fig3){ref-type="fig"}--[3(d)](#fig3){ref-type="fig"}). Moreover, we found that mRNA and protein levels of LGR4 were increased in osteosarcoma tissues from patients, which is well correlated with the activation of Stat3 signaling, as evidenced by its phosphorylation (Supplementary Figures  3(a)-3(b)). Together, these data suggest that Stat3 could be an important upstream regulator in the control of LGR4 expression in osteosarcoma cells.

3.3. Stat3 Activation Promotes Nuclear Accumulation of *β*-Catenin {#sec3.3}
------------------------------------------------------------------

LGR4 has recently been reported to potentiate Wnt/*β*-catenin signaling after binding to its ligand R-spondins \[[@B11], [@B12]\]. Indeed, siRNA-mediated knockdown of LGR4 inhibited cell proliferation in MG63 and U2OS cells (Supplementary Figures  4(a)-4(b)). Besides, mRNA levels of Cyclin D1 and Cyclin E, two downstream target genes of *β*-catenin \[[@B13]\], were also reduced in cells with Lgr4 deficiency (Supplementary Figure  4(c)-4(d)), suggesting that Lgr4 is critical for the Wnt/*β*-catenin signaling activation in osteosarcoma cells. Therefore, we determined whether Stat3 activation could promote nuclear accumulation of *β*-catenin in osteosarcoma cells. As shown in Figures [4(a)](#fig4){ref-type="fig"} and [4(b)](#fig4){ref-type="fig"}, the protein content of nuclear *β*-catenin was increased in cells treated with IL-6. Besides, Cyclin D1 and Cyclin E were also upregulated by IL-6 administration (Figures [4(c)](#fig4){ref-type="fig"}-[4(d)](#fig4){ref-type="fig"}). Moreover, knockdown of endogenous LGR4 attenuated the roles of IL-6 (Figures [4(e)](#fig4){ref-type="fig"}-[4(f)](#fig4){ref-type="fig"}), suggesting that LGR4 is required for the nuclear accumulation of *β*-catenin promoted by Stat3 activation.

3.4. Stat3 Regulates LGR4 Gene Transcription through Promoter Occupancy {#sec3.4}
-----------------------------------------------------------------------

Finally, we sought to determine whether Stat3 could be a transcriptional regulator of the LGR4 gene. To seek the molecular basis for this regulation, we identified a potential Stat3 binding site in the promoter region of LGR4 gene using an online transcription factor scanning system (<http://www.cbil.upenn.edu/cgi-bin/tess/tess>) ([Figure 5(a)](#fig5){ref-type="fig"}). Therefore, we transfected MG63 cells with a reporter vector encoding Luciferase under control of the LGR4 promoter (PGL3-WT-LGR4) ([Figure 5(b)](#fig5){ref-type="fig"}). Concurrent expression of CA-Stat3 with the LGR4 reporter construct increased LGR4 promoter activity ([Figure 5(b)](#fig5){ref-type="fig"}), which was abrogated by mutation of the Stat3 DNA-binding site in the LGR4 promoter ([Figure 5(b)](#fig5){ref-type="fig"}). The induction of LGR4 promoter activity by Stat3 was also shown in U2OS cells (data not shown). Besides, the transcriptional activity of the truncated LGR4 promoter (−520 to +110), lacking the binding motif, was not upregulated by Stat3 ([Figure 5(c)](#fig5){ref-type="fig"}). In addition, we carried out chromatin immunoprecipitation (ChIP) assays to assess whether Stat3 directly binds the LGR4 promoter. As shown in [Figure 5(d)](#fig5){ref-type="fig"}, Stat3 protein could bind the promoter region, which was further increased by IL-6 treatment ([Figure 5(d)](#fig5){ref-type="fig"}).

4. Discussion {#sec4}
=============

In the current study, we demonstrate that Stat3 regulates LGR4 expression in two human osteosarcoma cells. Activation of Stat3 inhibits LGR4 mRNA and protein levels while Stat3 silencing upregulates LGR4 mRNA and protein levels. At the molecular level, we identified a potential Stat3 binding site in the promoter region of LGR4 gene. Therefore, for the first time, our results indicate that Stat3 could be a positive regulator of LGR4 in osteosarcoma. Given that Stat3 signaling is usually activated in cancers, our findings suggest a potential mechanism for the upregulation of LGR4 in osteosarcoma. Besides, it would be interesting to further investigate whether Stat3 could regulate LGR4 expression in other cancer cells.

Lgr4 gene has been shown to play important roles in the developmental events, including spermatogenesis, bone formation, ocular, hair follicle, and mammary gland development \[[@B14]--[@B18]\]. Indeed, Mice with Lgr4 gene deficiency exhibit embryonic growth retardation, male infertility, and glaucoma \[[@B19], [@B20]\]. Besides, nonsense mutation in the LGR4 gene is associated with several human diseases including osteoporotic fractures, electrolyte imbalance, late onset of menarche, and reduced testosterone levels, as well as an increased risk of squamous cell carcinoma of the skin and biliary tract cancer \[[@B21]\].

Moreover, Lgr4 expression is upregulated in colon cancer cells, and its overexpression promotes the invasive and metastasis potential of HCT116 cells \[[@B22]\]. Furthermore, Lgr4 expression is inversely correlated with lymph node metastasis of these tumors, suggesting that upregulation of Lgr4 may contribute to tumor progression and metastasis \[[@B22]\]. Besides, high GPR48 expression was a poor prognostic factor for the overall survival in colorectal cancer patients \[[@B23]\]. At the molecular level, LGR4 potentiates Cyclin AMP or Wnt/*β*-catenin signaling through binding with R-spondins \[[@B11], [@B12], [@B23]\]. Besides, LGR4 negatively regulates Toll-like receptor 2/4-associated pattern recognition in macrophages \[[@B24]\], indicating the diverse roles and signaling pathways of LGR4 activation.

In summary, our results provide new insight into how Stat3 activation could influence the LGR4 expression, which could provide a potential mechanism by which Stat3 influences tumor progression. Besides, until now, the biological functions of LGR4 in osteosarcoma remain unexplored, which will be investigated in our future studies.

Supplementary Material {#supplementary-material-sec}
======================

###### 

LGR4 expression was not changed by TNFa or IL-1a treatment (Fig.S1). Overexpression of CA-Stat3 promoted cell proliferation in MG63 and U2OS cells (Fig.S2). The mRNA and protein levels of LGR4 were increased in osteosarcoma tissues from patients, which is well-correlated with the activation of Stat3 signaling, as evidenced by its phosphorylation (Fig.S3). The mRNA levels of Cyclin D1 and Cyclin E, two downstream target genes ofb-catenin, were also reduced in cells with Lgr4 deficiency (Fig.S4).

###### 

Click here for additional data file.

![Identification of LGR4 as a novel IL-6 responsive gene in osteosarcoma cells. (a) Cluster analysis of hepatic gene expression in MG63 cells treated with IL-6 (10 ng/mL) or vehicle control (PBS) for 12 hr (*n* = 4). Then, cells were harvested for RNA extraction and genes expression was analyzed by Affymetrix array hybridization and scanning. Data sets were statistically analyzed using Student\'s *t*-test. (b-c) mRNA and protein levels of LGR4 were analyzed by real-time PCR (b) and Western blot (c) in MG63 cells treated with IL-6 (10 ng/mL) or vehicle control (PBS) for 12 or 24 hr, respectively. (d-e) mRNA and protein levels of LGR4 were analyzed by real-time PCR (d) and Western blot (e) in U2OS cells treated with IL-6 (10 ng/mL) or vehicle control (PBS) for 12 or 24 hr, respectively. \*\*\**P* \< 0.001.](BMRI2013-310691.001){#fig1}

![Stat3 overexpression upregulates LGR4 expression. (a--d) mRNA and protein levels of LGR4 were analyzed by real-time PCR (a, c) and Western blot (b, d) in MG63 or U2OS cells transfected with empty vector (EV) or constitutive activated Stat3 (CA-Stat3) for 24 or 36 hr, respectively. \*\*\**P* \< 0.001.](BMRI2013-310691.002){#fig2}

![Stat3 knockdown results in a reduction of LGR4 expression. (a--d) mRNA and protein levels of LGR4 were analyzed by Real-time PCR (a, c) and Western blot (b, d) in MG63 or U2OS cells transfected with siRNA oligos targeting Stat3 or negative controls (NC) for 24 or 36 hr, respectively. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.](BMRI2013-310691.003){#fig3}

![Stat3 activation promotes nuclear accumulation of *β*-catenin. (a-b) Nuclear *β*-catenin expression was determined in MG63 (a) and U2OS (b) cells transfected with plasmids containing empty vector (EV) or Stat3 for 36 hr. Lamin B levels were measured as a loading control. (c-d) mRNA levels of Cyclin D1 and Cyclin E were examined in MG63 (c) and U2OS (d) cells overexpressing empty vector (EV) or Stat3 for 24 hr. (e-f) Nuclear *β*-catenin expression was determined in MG63 (e) and U2OS (f) cells transfected with plasmids containing empty vector (EV) or Stat3 for 36 hr. Cells were pretransfected with siRNA oligos targeting LGR4 or negative controls (NC) for 16 hr. \*\**P* \< 0.01; \*\*\**P* \< 0.001.](BMRI2013-310691.004){#fig4}

![Stat3 is a direct transcriptional activator of LGR4. (a) The human LGR4 promoter constructs containing a potential Stat3 binding motif (−556 to −549). (b) The transcriptional activity of the LGR4 promoter. MG63 cells were cotransfected with the indicated plasmids for 36 h, and the luciferase activity was measured. The full-length LGR4 promoter (−1000 to +110, WT-luc) was upregulated by constitutively activated Stat3, whereas the point mutant promoter (Mut-luc) abolished the Stat3-mediated transcriptional activity. (c) The truncated LGR4 promoter (−520 to +110) was unregulated by constitutively activated Stat3. (d) ChIP assays of Stat3 and its binding motif. Two antibodies (anti-IgG and -Stat3) were used in the ChIP assays using MG63 cells. Cells were incubated with vehicle control (PBS) or IL-6 (10 ng/mL) for 4 hr and then subjected to ChIP analysis. The results were quantified by real-time PCR. \*\*\**P* \< 0.001.](BMRI2013-310691.005){#fig5}
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